Calcium sulfate hemihydrate (CSH) powders were synthesized for use as bone cement by heat treating calcium sulfate dihydrate (CSD) powders in boiling CaCl 2 solutions with various CaCl 2 concentrations, ranging from 23.5 to 35.5 wt%, in order to control their morphology. All of the prepared CSH powders showed X-ray diffraction peaks corresponding to the CSH structure without any secondary phases, implying complete conversion from the CSD phase to the CSH phase. It was also observed that the concentration of CaCl 2 significantly affected the morphology of the CSH powder that was synthesized. In other words, as the CaCl 2 concentration was decreased from 35.5 to 23.5 wt%, the morphology notably changed from long-and-slim hexagonal rods with an aspect ratio of 5.5 to fat-and-short hexagonal columns with an aspect ratio of 1.4. This reduction in the aspect ratio led to a significant improvement in the compressive strength of the CSD cement prepared by mixing the CSH powders with water.
I. Introduction C ALCIUM sulfate hemihydrate (CSH; CaSO 4 Á 1/2H 2 O), which is commonly known as ''Plaster of Paris,'' has long been used for filling bone defects because of its excellent biocompatibility and capability for bone repair. [1] [2] [3] [4] [5] In particular, when mixed with water, the CSH powder is converted into calcium sulfate dihydrate (CSD, CaSO 4 Á 2H 2 O; gypsum) paste, which is regarded as one of the most successful bone cements, because it has the ability to undergo ''in situ'' setting after filling the defects, has a good biocompatibility without inducing an inflammatory response, and promotes bone healing. 6 So far, a number of manufacturing methods have been developed for the preparation of CSH, including heat treatment of CSD using water, inorganic acids, or condensed inorganic salt solutions under high or atmospheric pressure. [7] [8] [9] From the viewpoint of its practical use as bone cement, it is preferred that the CSH powder has a spherical shape (or a low aspect ratio) for the purpose of enhancing its injectability and mechanical properties. 10, 11 However, only a few attempts have been made to modify the shape of the CSH particle by varying the salt concentration during heat treatment in the presence of surfaceactive substances. 12, 13 Therefore, in this study, we aimed to control the morphology of the CSH powders tightly by simply adjusting the concentration of CaCl 2 in the solution during the heat treatment of CSD powders prepared using Ca(OH) 2 and H 2 SO 4 at boiling temperature. The effect of CaCl 2 concentration on the composition, morphology, and setting strength of the synthesized CSH powders was investigated.
II. Experimental Procedure
All of the chemicals used in this study were obtained from a commercial vendor (Sigma-Aldrich Co. Ltd., St. Louis, MO) and used as received. First, a predetermined volume of 1.2M H 2 SO 4 was added dropwise to a Ca(OH) 2 suspension containing succinic acid at a rate of 20 mL/h. The mixture was then stirred for 15 min at room temperature, followed by a filtering process to obtain the CSD powder. The prepared CSD powder was added to CaCl 2 solutions having various concentrations of 23.5, 27.5, 31.5, and 35.5 wt%, and stirred for 30 min at their boiling temperature, following the procedure reported by Zurz et al. 13 Thereafter, the mixture was immediately filtered and washed with boiling water and acetone.
The phase and morphology of the prepared CSH powders were examined using X-ray diffraction (XRD, M18XHF-SRA, MacScience Co., Yokohama, Japan) and field emission-scanning electron microscopy (FE-SEM, JSM6330F, JEOL, Tokyo, Japan). The dimensions and average aspect ratios of the powders were measured on the basis of the SEM observations. For the measurement of the setting strength of the CSD cement, the CSH powder was mixed with distilled water at a weight ratio of powder to water (P/W) of 2.5 and then injected into plastic molds and allowed to self-set under atmospheric conditions for 24 h. The prepared samples with a diameter of B8 mm and a height of B16 mm were loaded at a crosshead speed of 5 mm/ min using a screw-driven load frame (Instron 5565, Instron Corp., Canton, MA).
III. Results and Discussion
The conversion of the CSD phase to the CSH phase after heat treatment in CaCl 2 solutions with various concentrations was evaluated by conducting XRD analyses (Fig. 1) . All of the synthesized powders showed very similar patterns, i.e., only peaks associated with the CSH structure (JCPDS no. 43-0605) were observed. No characteristic peaks related to the CSD structure or impurities were detected, indicating complete conversion to the CSH structure. However, it should be noted that, as the CaCl 2 concentration decreased, the intensity of the (204) plane in relation to that of the (004) plane increased remarkably, presumably due to the preferential growth of the crystal along the (204) plane.
It is well known that the type and concentration of the salt used in the solution strongly affect the morphology of the CSH powders produced. In this study, CaCl 2 solution was chosen to heat treat the CSD powder based on the previous report. 13 The CaCl 2 concentration was selected after a series of preliminary experiments. Very high concentrations were unfavorable for producing spherical CSH powder with a low aspect ratio. On the other hand, very low concentrations resulted in incomplete conversion of the CSD phase to the CSH phase. As shown in Figs. 2(A)-(D) , the morphology of the CSH powder was considerably affected by the CaCl 2 concentrations in the range of 23.5-35.5 wt%. When the highest CaCl 2 concentration of 35.5 wt% was used during heat treatment, the powders showed very elongated shapes, i.e. long-and-slim hexagonal rods (Fig. 2(A) ). However, as the CaCl 2 concentration was decreased, the powder became less elongated (Figs. 2(B)-(D) ). The dimensions of the CSH powders were measured from the SEM observations and are summarized in Table I , wherein the length and width values represent the longer and shorter dimensions of the powder, respectively. As the CaCl 2 concentration was decreased, the length became shorter, while the width became broader. In addition, the aspect ratio, which is defined as the ratio of its length to its width, was notably decreased from 5.5 to 1.4, as the CaCl 2 concentration was decreased from 35.5 to 23.5 wt%. Such a reduction in the aspect ratio of the powder would be expected to be highly beneficial to its injection and setting strength, when it is used as bone cement. 10, 11 In addition to the type and concentration of the salt, the additive also played an important role in controlling the morphology of the CSH powder. During the heat-treatment process, the succinic acid molecules used as a modifying agent for the mor- phology of the CSH powder tend to absorb on the top faces, such as (204) and (114), rather than the lateral faces, such as (400), which would inhibit the crystal growth along the (204) plane. 13, 14 The extent of this inhibition would be affected by many factors, including the boiling temperature of the salt solution during heat treatment. In our experiment, the boiling temperature of the solution decreased from 1131 to 1081C, as the CaCl 2 concentration was decreased from 35.5 to 23.5 wt%. Therefore, it is reasonable to suppose that a lower boiling temperature would accelerate the role of the succinic acid molecules as an inhibitor for the growth of the CSH crystal along the (204) plane, which would, consequently, allow the CSH powders to have a smaller aspect ratio.
In order to evaluate the quality of the synthesized CSH powders as bone cement, CSD cements were prepared by mixing the CSH powders with distilled water. The basic properties of the prepared CSD cements, such as their setting behavior and compressive strength, were investigated. Figures 3(A)-(D) show the microstructures of the CSD cements prepared using CSH powders with various CaCl 2 concentrations. Regardless of the CaCl 2 concentration, all of the CSD cements showed excellent setting behaviors. In other words, the CSH phase was completely converted into the CSD phase, as confirmed by the XRD analyses (data not shown here). However, it is noted that, when the highest CaCl 2 concentration of 35.5 wt% was used, acicular CSD crystals were formed, as well as some visible pores (Fig. 3(A) ), while a denser microstructure with finer CSD crystals was achieved when the CaCl 2 concentration was decreased (Figs.  3(B)-(D) ). This change in the microstructure is expected to be related to the powder morphology, i.e., a smaller aspect ratio achieved using a lower CaCl 2 concentration would be expected to lead to a dense microstructure.
In order to evaluate the setting strength of the CSD cements, the compressive strength test was conducted. It was observed that, as the CaCl 2 concentration was decreased from 35.5 to 23.5 wt%, the compressive strength increased markedly from 15 to 37 MPa, as shown in Fig. 4 . This significant improvement was attributed to the use of the CSH powders with a smaller aspect ratio, thereby allowing the production of a denser CSD cement, as observed in Fig. 3(D) .
IV. Conclusions
CSH powders with a controlled morphology were prepared by simply adjusting the CaCl 2 concentration in the solution during the heat treatment of the CSD powders. As the CaCl 2 concentration was decreased, the aspect ratio of the powder decreased markedly from 5.5 to 1.4. This reduction in the aspect ratio of the synthesized CSH powders allowed for the preparation of CSD cements by mixing them with water to have a denser microstructure and a higher compressive strength. The compressive strength of the CSD cement produced using the lowest CaCl 2 concentration of 23.5 wt% was as high as 37 MPa. 
